Igneous processes have a fundamental impact on how our planet is shaped: they contribute to the growth of continents, control volcanic activity, form ore deposits and supply most volatile elements to our atmosphere. In the course of this igneous differentiation, phase separation plays a key role, as in all distillation processes. How, and how fast, this phase separation occurs are therefore critical questions to address to better understand the inner workings of the Earth (and other planets). In this Perspectives article, we will review some of the most important aspects of the processes that govern igneous distillation, considering the effect of three distinct phases (crystals-melt-fluid, in decreasing order of viscosity and density) on mechanical separation processes in a gravity field. We will also discuss the potential impacts of external factors (e.g. tectonic forces, magma recharge, seismic waves) on phase separation. Regardless of the source of energy driving phase separation in crustal differentiation columns, crystal settling at low crystallinity and compaction at intermediate to high crystallinity play a major role in separating silicate minerals from melts and fluids. We suggest that compaction without any associated deformation of solids (herein referred to as 'crystal repacking') is an important process that can extract up to a few tens of per cent (volume) of melt from its crystalline matrix, particularly in shallow silicic reservoirs. Rates of melt extraction by compaction are probably relatively slow, requiring centuries to millennia to generate large crystal-poor V C The Author(s)
INTRODUCTION
The physical separation of magmatic phases (solids or crystals, silicate melt, and a magmatic volatile phase hereafter referred to as MVP or fluid) controls the chemical differentiation of our planet. Particularly relevant to the discussion here is the presence of volcanic units recording single eruptions with volumes in excess of 100-500 km 3 of crystal-poor high-SiO 2 rhyolites, which testify that crystal-melt separation can be efficient, even for the most viscous melts (Hildreth, 1981; Druitt & Bacon, 1989; Christiansen, 2001; Lipman & Bachmann, 2015; . In plutonic rocks, this extraction process is recorded and displayed at multiple scales, from centimeter-sized pods or veins of haplogranitic material (probably crystallized rhyolitic melt) visible in outcrop, to high-silica granite bodies that can be mapped at the kilometer scale (see Bachl et al., 2001; Miller & Miller, 2002; Greene et al., 2006; Vernon & Paterson, 2006; Hacker et al., 2008; Jagoutz et al., 2009; Miller et al., 2009 Miller et al., , 2011 Otamendi et al., 2009 Otamendi et al., , 2012 Jagoutz, 2010; Memeti et al., 2010; Paterson et al., 2011; Jagoutz & Schmidt, 2012; Coint et al., 2013; Putirka et al., 2014; Walker et al., 2015; Barnes et al., 2016; Ducea et al., 2017; Hartung et al., 2017 ; see also Fig. 1 and references therein).
The rate at which the separation between silicate melts and crystals occurs is critical to predicting how and where mobile magmas can accumulate, ascend through the mantle and crust and, ultimately, pool in shallow magmas reservoirs for eruption at the surface (Bachl et al., 2001; Barnes et al., 2001; Coint et al., 2013; Putirka et al., 2014; Gelman et al., 2014; Vigneresse, 2015) . Phase separation depends on the thermal state of magmatic systems, and requires the existence of mush zones in which magmas remain above their solidus for significant amounts of time (Marsh, 1981; Koyaguchi & Kaneko, 1999; Huber et al., 2009; Karakas et al., 2017a; Szymanowski et al., 2017) , whatever the solidus temperature may be (Johannes & Holtz, 1996; Ackerson et al., 2018) . Rates of melt extraction and accumulation in melt-rich lenses in upper crustal silicic magma reservoirs form the crux of a continuing debate, in which melt extraction and accumulation are variably argued to be slow (e.g. millennia for large systems; McKenzie, 1985; Wickham, 1987; Bachmann & Bergantz, 2004; Huber et al., 2012) or fast (months to decades or centuries, even for large systems; e.g. Wilson & Charlier, 2009; Druitt et al., 2012; Gualda et al., 2012; Allan et al., 2013; Barker et al., 2016) .
In magmas, the physics that governs the separation of phases with different densities involves a continuum of processes from crystal settling at high melt fractions (which rapidly becomes 'hindered' as the crystal content increases; e.g. Koyaguchi et al., 1990; Faroughi & Huber, 2015) to compaction at lower melt fractions (McKenzie, 1985; Shirley, 1986; Miller et al., 1988; Boudreau & Philpotts, 2002; Bachmann & Bergantz, 2004; Vernon & Paterson, 2006; Tegner et al., 2009; Solano et al., 2012; Webber et al., 2015; Riel et al., 2018) . Rates for crystal-melt separation can be estimated for both settling and compaction, assuming a composition of the melt (which controls density and viscosity), average densities of the solid phases, and the permeability of the system (which varies as a function of melt fraction and size and shape of solid particles). Additional factors can play a role, such as deformation-induced melt segregation (Rutter & Neumann, 1995; Petford et al., 2000) , vibro-agitation of magma chambers (Davis et al., 2007) , shearing (Katz et al., 2006; Kohlstedt & Holtzman, 2009 ), or gas-driven filter pressing (e.g. Anderson et al., 1984; Sisson & Bacon, 1999; Pistone et al., 2015) , which have also been suggested as possible phase separation 'enhancers' as they affect the spatial distribution of stresses. The efficiency of these latter processes in upper crustal silicic magma reservoirs remains unfortunately poorly constrained, owing to lack of quantitative assessments, and/or is currently debated (e.g. Bachmann & Bergantz, 2006; Parmigiani et al., 2014; Pistone et al., 2015 Pistone et al., , 2017 Singer et al., 2016; Cashman et al., 2017; Hildreth, 2017) . This contribution focuses on these various processes based on recent findings (see, for example, Costa et al., 2006; Weinberg, 2006; Holness et al., 2007; Bacon et al., 2009; Karlstrom et al., 2009; Tegner et al., 2009; Huber et al., 2011; Schoene et al., 2012; Solano et al., 2012 Solano et al., , 2014 Bain et al., 2013; Brown, 2013; Gutierrez et al., 2013; Barboni & Schoene, 2014; Payacá n et al., 2014; Faroughi & Huber, 2015; Pistone et al., 2015; Vigneresse, 2015; Webber et al., 2015; Aravena et al., 2017; Samperton et al., 2017; Schaen et al., 2017; Riel et al., 2018) to predict more accurately the separation rates and formation of crystal-poor lenses of evolved magmas in the upper 10-20 km of the Earth's crust. The effect of external factors, such as tectonic stresses and magma recharge, will also be briefly examined.
THE SOURCES OF ENERGY DRIVING CRYSTAL-LIQUID SEPARATION IN SILICIC MAGMA RESERVOIRS
Phase separation in magmas is accompanied by friction and viscous dissipation; it therefore requires an input of energy to take place. The energy sources that drive phase separation in magmatic systems can therefore be broadly classed in two categories: (1) gravitational potential energy caused by density contrasts between phases; (2) mechanical work caused by factors such as tectonic stresses, recharge of magma or earthquakes. As gravitational potential energy is always available for phase separation, especially in silicic magmas where the dominant mineral phases are denser than the melt, buoyancy-driven stresses must play a role. However, as many silicic plutons remain rather homogeneous (with significant amounts of trapped melt component; e.g. Fiedrich et al., 2017) , gravity alone is unlikely to be sufficient in many cases, and other sources of energy are required to drive melt-crystal separation.
Magmatic systems are commonly located in tectonically active regions and it is therefore natural to consider the extent to which these stresses can influence the state of shallow magma reservoirs and affect melt extraction processes (e.g. see Petford et al., 2000) . There are two generic types of stresses that can be externally imposed on a shallow magma reservoir: dynamic stresses and static stresses. Dynamic stresses, caused by the passing of seismic waves, can be as large as a few MPa in the near to intermediate field (e.g. Luttrell et al., 2011) , but decay to 0Á01-0Á1 MPa in the far field, even for large earthquakes (Manga & Brodsky, 2006) . A first possible ex situ melt extraction mechanism, proposed by Davis et al. (2007) more than a decade ago, is the vibro-agitation of magma reservoirs following large regional earthquakes. Fluidizing beds by mechanical vibration is a well-known industrial process, but it requires vibration frequencies that are comparable with the response timescale of the fluid, which depends both on its viscosity and the permeability of the system. If the viscosity of magmatic fluids is high (as it is for silicic magmas, more than 10 8 -10 9 times higher than water), it is unlikely that earthquakes generate sufficient fluidization in the magma reservoir to promote crystal-melt segregation. The major issue with phase separation mediated by dynamic stresses is the short duration over which they actively deform the reservoir (seconds to minutes), a timescale that is probably too short to lead to substantial melt extraction.
On the other hand, static stresses, such as tectonic forces, are more likely to affect phase separation in magma reservoirs as they operate over timescales comparable with the longevity of magmatic systems Photographs for the field notebook scale are from Bain et al. (2013) , for the outcrop scale from Brown (2013) , and for the pluton scale modified from Bachl et al. (2001) . (Rutter & Neumann, 1995; Petford et al., 2000) . The magnitude and orientation of tectonic stresses are highly variable (Zoback et al., 1989) . For depths down to about 8-10 km, they can be as large as a few tens of MPa (e.g. Buck et al., 2006) . Tectonic stresses are known to influence the propagation of dikes in the crust and probably influence deformation around, and possibly inside, active magma reservoirs (Nakamura et al., 1977; Petford et al., 2000; Buck et al., 2006) . However, if regional tectonic stresses were to exert a first-order control over the efficiency of melt-crystal separation in magma reservoirs, we would not expect large eruptions of crystal-poor rhyolites to occur in all tectonic settings, including extensive, neutral and compressive settings (see Fig. 2 and compilations from Holohan et al., 2005; Hughes & Mahood, 2008) . As mentioned by Philpotts & Ague (2009, Chapter 3) , tectonic forces may help to deform a magma reservoir (inducing some crystal 'repacking'; see discussion below), but are unlikely to 'squeeze' melt out efficiently if there are no low-pressure environments in the vicinity. Moreover, even when large stresses are applied, extensive melt segregation still appears to require significant time (>10 3 years; Rutter & Neumann, 1995; Petford et al., 2000) . Hence, although tectonic stresses probably influence the transport and accumulation of magmas in the crust, we argue that, in general, they do not exert a primary control over phase separation, at least in upper crustal mushes.
Multiple scales of melt extraction
Magma recharge is ubiquitous in crustal reservoirs (see , for a review, and references therein), and these episodes can be accompanied by large, but local, stress changes. The stress caused by recharges includes both pressure changes and shear stress. Shearing of parts of the mush can lead to melt segregation, as has been suggested for the mantle (e.g. Kohlstedt & Holtzman, 2009 ) and crustal reservoirs (Rabinowicz & Vigneresse, 2004; Bergantz et al., 2015) . However, as mush zones grow and mature, the recharge volumes tend to be small compared with the size of the mush (e.g. Dufek & Bergantz, 2005; Karakas et al., 2017a) . Hence, the zones that are actively sheared are likely to involve a minor fraction of the reservoir's volume. Although shear localization can provide efficient pathways for melt transport, it is not clear that large volumes of melt can be mobilized at a faster rate than predicted for in situ processes by this process. Indeed, the rate of melt extraction will depend on the distance separating localized melt channels and the permeability of the intervening compacted layers. In addition, silicic mushes from which these rhyolitic melts are derived are often saturated with a volatile phase and it is unclear how shear deformation affects melt-crystal separation in the presence of exsolved volatiles (e.g. Pistone et al., 2012) . The importance of magma recharge episodes in driving faster, more efficient, melt extraction from mushes is therefore not fully assessed and should be further studied. In summary, it is a combination of energy sources, involving regional tectonics, gravity and mechanical work exerted by magma recharge, that probably drives the process of phase separation in magma reservoirs. The degree to which an individual source of energy contributes to the distillation process depends on each specific system. The diversity of mechanical processes that occur in crustal reservoirs is most probably governed by the volumetric proportions of the phases (crystals, melt and exsolved volatiles) in the system; these are reviewed in the section below.
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MECHANISMS AND RATES OF CRYSTAL-MELT SEPARATION IN SILICIC MAGMA RESERVOIRS
Melt-dominated regime: crystallinity lower than rheological lock-up
In silicic magmas, crystals are generally denser than the melt with which they coexist. Naturally, one would expect that the different phases will separate to reduce the excess gravitational potential energy stored in the reservoir. The rate of such separation will then depend on factors such as particle diameter, density contrast, viscous drag, cooling, and phase changes, which will control the development of stable density stratification within the reservoir.
The modes of mechanical separation in a gravity field vary significantly with the proportion of phases considered (see exhaustive summary in Chapter 14 of Philpotts & Ague, 2009 ). In a fluid-dominated system, settling of particles in the supporting fluid (magmatic crystals in a silicate melt in our case) is commonly assumed to follow Stokes' Law,
which assumes that a single particle of diameter d exists in the host fluid of viscosity l considered at rest and infinite in volume (no boundaries between melt and host rocks). Moreover, Stokes' Law implies that the size of the crystal and viscosity of the melt are such that inertial forces are negligible. U sed , the sedimentation velocity, is obtained from matching the drag force exerted by the melt on the crystal with the buoyancy caused by the density difference between particle and melt (q crystal -q melt ), with A representing a shape factor coming from the calculation of the drag force. This idealized model for crystal-melt separation may provide usefully accurate estimates in some extreme magmatic cases, but it is typically not applicable because (1) the melt is generally not at rest in melt-rich magmas (Martin et al., 1987; Bergantz & Ni, 1999; Dufek & Bachmann, 2010) and (2) there are significant effects caused by the presence of other particles or crystals, even under dilute conditions ('hindered' settling; see Davis & Acrivos, 1985; Koyaguchi et al., 1990; Faroughi & Huber, 2015) .
The assumption of a state of rest for the melt limits the application of Stokes' Law for crystals entrained in convective currents as it affects the magnitude and direction of the drag force on the particle or crystal. The dynamics of crystals in melt-rich magmas is further complicated by the fact that crystals interact hydrodynamically, even over distances that extend significantly beyond their sizes. Crystal interactions, even under dilute conditions, have been shown experimentally to affect convective dynamics (e.g. Koyaguchi et al., 1990) , an effect that arises not only because of the effect of crystals on magma rheology, but also because velocity perturbations caused by the presence of a crystal have a long range: they decay as 1/r whereas stresses decay as 1/r 2 . To account for crystal interactions during settling, Faroughi & Huber (2015) developed a theoretical model whereby the balance between drag and buoyancy forces is corrected to account both for the reduction in buoyancy associated with the presence of other suspended crystals and for hydrodynamic interactions that either decrease drag when particles are aligned with gravity ('crystal plume' effect) or increase drag when particles are misaligned (increased drag by melt return flow). Using this model, settling velocities are reduced by more than 60% (i.e. the time for phase separation is more than doubled) when considering crystal volume fractions of about 20 vol. %. Assuming this hindered settling to be a lower bound estimate for the duration of phase separation, as it does not include a proper treatment of the drag from convective currents (which retain crystals in suspensions for longer times), we obtain timescales of several millennia to produce large melt-rich bodies capable of erupting >100-500 km 3 of crystal-poor rhyolites (see fig. 4b of Faroughi & Huber, 2015) .
Crystal-dominated regime: crystallinity higher than rheological lock-up
At the other end of the spectrum, when the solid fraction is intermediate to high, the particle framework (in our case the crystal matrix) can withstand differential stresses (e.g. it has a finite rigidity). Melt-crystal separation can then be driven by either (1) porous flow within a non-deforming mush (e.g. thermal or compositional convection), (2) concurrent immiscible fluid flow between the melt and an exsolved fluid phase, or (3) compaction (see definition below) leading to the expulsion of the melt trapped in collapsing pores. We now briefly discuss the first two processes before focusing on the third, which we expect to be the dominant process controlling melt-crystal separation at high crystal content in magmatic systems.
Thermal or chemical convection in porous media is not spontaneous and variations in buoyancy have to exceed the resistance to the flow exerted by the viscosity of the melt and the limitations of the permeability of the crystal framework. A crude, but useful, first-order approach to the problem is to consider convection in porous media, which, from linear stability analysis, provides the following criterion for the occurrence of convective transport of melt within the mush in terms of the contrast in melt density throughout a mush of thickness H (Nield & Bejan, 2013) :
where D is the diffusion coefficient (thermal or chemical), k is the permeability of the mush and l is the dynamic viscosity of the melt. For thermal convection, considering a rhyolitic melt within a 1 km thick mush with permeability k of 10 -12 m 2 , we obtain Dq of 10 8 kg m -3 (assuming D ¼ 10 -6 m 2 s -1 and l ¼ 10 5 Pa s), which exceeds by several orders of magnitude the natural Dq in silicic magma. The situation is similar, yet less extreme, for chemical convection.
The differential flow of immiscible melts and fluids (MVP) within a passive and non-deforming crystal framework is caused by the differences in density between the two fluid phases. Within the pore space, the most buoyant fluids (the MVP) rise, whereas the denser melt sinks to conserve mass. In the absence of porosity change, this process leads to an accumulation of MVP near the top of the mush. Although we will revisit this point when discussing processes occurring within a deforming matrix below, it is not clear that differential flow of immiscible fluids through a non-deformable porous host enhances melt-crystal separation.
In view of the limitations of other processes, compaction-driven melt extraction ('compaction' here defined as involving some sort of matrix deformation; see Supplementary Data lexicon; supplementary data are available for downloading at http://www.petrology. oxfordjournals.org) is expected to control the rate of melt-crystal separation in silicic mushes (see Solano et al., 2014) . However, as recently pointed out by Holness et al. (2017) and Holness (2018) , textural evidence of compaction is scarce in silicic and mafic plutons; microstructures in fully solidified plutonic rocks rarely preserve evidence of extensive syn-magmatic internally generated viscous crystal deformation. Hence, the exact mechanics of compaction, and the rates associated with it, must be explored in more detail.
Once a mush is formed (i.e. the matrix has a finite rigidity), deformation of the matrix, the key for compaction, can be accommodated by two different regimes, which we will term (1) compaction driven by crystal repacking ('mechanical compaction' of Holness et al., 2017) and (2) packing fraction (the most ordered and highest packing attainable). This range is controlled by the size and shape distribution of the crystals in the mush. Nonsphericity and anisometry greatly increase this range, and polydispersity (variation in grain size; see Supplementary Data lexicon) is known to strongly push the maximum packing fraction to even higher values Donev et al., 2004) . For example, the range in packing fraction for monodisperse spheres is small ($0Á64-0Á74; see Fig. 4 ), but can be much larger for networks of aspherical particles (from 0Á3 to 0Á4 and up to >0Á9; Philpotts et al., 1998; Torquato et al., 2000; Donev et al., 2004; Torquato & Stillinger, 2010) . Repacking is a well-known and very important process that drives compaction in sediments during early diagenesis (Berner, 1980; Boudreau, 1997) . Although it is hard to estimate the exact range in the context of silicic mushes, one might expect that repacking alone can accommodate changes in crystal volume fractions that cover several tens of per cent. The important note here is that repacking is caused by differential stresses acting at the reservoir scale (e.g. recharge, tectonic forces, pore pressurization by exsolution) and that as long as the required stresses are smaller than the threshold for plastic deformation of individual crystals, a significant amount of melt segregation in silicic mushes can take place in the absence of crystal deformation. This repacking, which is synonymous with the 'micro-settling' of Bachmann & Bergantz (2004) , can therefore be very cryptic in the rock record, but there may be clues associated with the development of fabric or the loss of melt inferred from petrological methods ( (2) When considering crystal volume fractions that approach the maximum packing, the mechanical work to repack the matrix more efficiently increases significantly (as crystals lose the ability to rotate and move freely; Fig. 3) . At some point, the stresses required to drive repacking can exceed locally the plastic deformation threshold of individual crystals, and subsequent deformation or compaction takes place by crystal deformation. A rough first-order estimate of the stresses required to drive plastic deformation in individual crystals can be retrieved from the experiments of Rybacki & Dresen (2004) , although these lack data for more evolved plagioclase and low temperatures $700-800 C). For a crystal size of 100 lm, flow laws for plagioclase require differential stresses well beyond 10 MPa, even at very low strain rates (10 -14 s -1 ) for magmatic systems. Faster deformation of the crystals would require increasing the required stress differentials even further. In essence, (a) the very large stresses required for significant plastic deformation of individual crystals and (b) the longevity of magma reservoirs at relatively high temperatures (which favors healing of deformation structures; see Karakas et al., 2017a; Szymanowski et al., 2017) can both explain why plastic deformation of crystals is generally not conspicuous in thin section (see Vernon, 2004; Vernon & Paterson, 2006; Webber et al., 2015; Fiedrich et al., 2017; Holness et al., 2018) . The transition from crystal repacking to crystal deformation is also strongly controlled by the local size and shape distribution of the crystals forming the matrix involved in the compaction process.
In magmas (neglecting the presence of exsolved volatiles), the formation of a rigid crystal framework can Order parameter ~ Network regularity
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Percolation threshold (plagioclase) (Philpotts et al., 1996) MRJ Fig. 4 . Repacking of crystalline matrix without crystal deformation. A granular medium can behave rigidly over a wide range of crystal volume fractions, depending on crystal size and shape distributions. According to a random process, the first rigid state that one encounters (packing with the lowest degree of order) is the MRJ (maximally randomly jammed) state; as mechanical work is provided to the matrix, grains can pack with a higher density and order along a trend MRJ-B up to where plastic deformation of crystals becomes more efficient. Data from Philpotts et al. (1996) , Truskett et al. (2000) and Torquato & Stillinger (2010) . take place at relatively low crystal volume fractions, depending on the shape of the crystals and the state of stress of the mixture. The first percolating rigid crystalline frameworks can form at around 30 vol. % of crystals in basaltic magmas (with plagioclase laths) under rest conditions (no forced stress outside gravity; see Philpotts et al., 1996 Philpotts et al., , 1998 . Such plagioclase chains would coincide with state A in Fig. 4a ; it is a relatively ordered matrix structure (alignment of network-forming crystals) that allows for the lowest rigid packing of crystals. Under finite differential stresses (adding energy to the system; see blue arrows on Fig. 4a) , long network chains of crystals that form the first percolating frameworks can be destroyed and only states with higher crystal volume fraction can behave as rigid frameworks. These frameworks are rigid but can nonetheless deform, either at constant volume fraction or most probably forming a denser packing (e.g. MRJ-B trend), where the order and the crystal volume fraction increases. The change in crystal volume fraction along the MRJ-B trend is a proxy for the amount of melt that can be expelled by repacking alone. We expect a transition along the trend from MRJ to B from repacking to compaction that includes plastic deformation of crystals. Interestingly, the actual crystal volume fraction for the states A, MRJ and B are all strongly modulated by the crystal shape and size distributions as discussed above.
Rates of crystal-melt separation are rather difficult to assess for both types of compaction. These rates can be estimated using a parametric approach with matrix flow laws (which do not distinguish between repacking and crystal deformation). The deformation of the matrix is generally modeled through either a linear or a powerlaw rheology, assuming that material properties (viscosity, permeability) remain isotropic (no fabric development) and neglecting the existence of a yield stress (finite amount of stress required to initiate deformation, as would be expected for crystal deformation or even repacking). Unfortunately, the rheology of the matrix as it undergoes compaction remains one of the most poorly constrained parameters. It is informative, however, to look specifically at the conservation of momentum in the matrix to build an understanding of the various possible stresses that can drive deformation of the matrix
where r is the stress tensor, l is the dynamic viscosity of the melt, / is the melt fraction or porosity (for twophase magmas), v i and V i are respectively the melt and matrix (solid phase) velocity fields, q s and q m are the solid and melt density, and d i3 is a unit vector along the vertical direction. A useful way to conceptualize this equation is in term of forces driving and resisting the phase separation. The driving force is buoyancy (the last term), whereas the left-hand term acts to decrease spatial variations in stress and melt fraction.
If the left-hand term is small compared with the second term (accounting for porous flow of melt), melt can be transported out of the mush with limited mush deformation. Typical rates of melt extraction for two-phase 'viscous' compacting magma systems (melt þ crystals) are up to 0Á01-0Á05 m a -1 [in the vertical direction, using equations derived by McKenzie (1984) , assuming high permeabilities at crystal fractions of 0Á5-0Á6 (Bachmann & Bergantz, 2004) ]. These rates are slow, as pointed out more than three decades ago (McKenzie, 1985; Wickham, 1987; Rabinowicz & Vigneresse, 2004) . If multiplied by a surface area of 1000 km 2 (a typical area for large calderas, which can therefore be taken to be a typical magma chamber footprint), it will take up to several tens of thousands of years, assuming constant crystallinity conditions, to separate sufficient melt for a VEI 8 eruption. It will take, of course, less time for smaller volumes. Rates of melt extraction considering compaction driven by crystal repacking are likely to be faster, but it is unlikely that those rates will reach values even close to 0Á1-1 km 3 a -1
, as suggested for some large silicic systems (Flaherty et al., 2018) .
Reactive porous flow during compaction (e.g. chemical reaction or phase change by melt migration during compaction) can potentially change the rate of melt extraction, and it is an important factor to consider. Melt extraction through combined reactive transport and compaction has received a lot of attention for the upper mantle (Aharonov et al., 1997; Liang et al., 2010; Weatherley & Katz, 2012) , and has been argued to result in dynamic instabilities and the development of structures such as high-porosity channels (e.g. dunite channels; Kelemen et al., 1995) or porosity waves. Reactive porous flow has also been discussed in the context of a crustal setting, but only with one-dimensional simulations (and hence not addressing the possibility of developing melt-rich channels; Solano et al., 2014; Riel et al., 2018) . Evidence for melt channels has not yet been identified in silicic upper crustal rocks. Moreover, assuming the melt extracted from a lower crustal or mid-crustal mush is of dacitic to rhyolitic composition, it is not clear that such melt, as it percolates upward, would be sufficiently out of chemical equilibrium with any shallower-seated mush zones to result in channel formation.
Compaction in the presence of a third phase: exsolved fluids
The models discussed above took into account only crystal phases and melt. However, volatiles are commonly abundant in magmatic columns (Candela, 1997; Wallace, 2005; Blundy et al., 2010; Plank et al., 2013) , particularly in silicic magmas stored in the upper crust (e.g. Wallace, 2001; Gonnermann & Manga, 2007; Shinohara, 2013; . As magma crystallizes in shallow reservoirs, volatile elements will accumulate in the residual melt phase, eventually leading to fluid or MVP exsolution (a process called 'second boiling'). Mushy magma reservoirs can also be replenished by recharge from below, bringing additional volatiles to the system. Hence, more realistic mechanical models of phase separation must take into account a low-density and low-viscosity exsolved magmatic volatile phase (MVP) (e.g. Blundy et al., 2010; Mungall, 2015; Boudreau, 2016; Parmigiani et al., 2017) .
The influence of a third phase, specifically a more buoyant, compressible and very low viscosity nonwetting fluid has the potential to drastically affect meltcrystal phase separation. Using a newly developed model of three-phase compaction (Fig. 5) , we were able to show that the presence of a low-density MVP may not strongly favor melt extraction from its crystalline matrix (Huber & Parmigiani, 2018) . Clearly, more work is needed, but preliminary results suggest that in some cases buoyant rise of MVP may even hinder melt extraction (Huber & Parmigiani, 2018) .
A postulated effect related to three-phase mush dynamics is gas-driven filter pressing (Anderson et al., 1984; Sisson & Bacon, 1999; Bachmann & Bergantz, 2006; Pistone et al., 2015) , a process by which an increase in fluid volume within a mush, caused by either exsolution or fluid migration, leads to the expulsion of an equivalent volume of melt towards an 'accommodation zone' within the reservoir. At the scale of the magma reservoir, gas filter pressing can occur if (see Fig. 6 ): (1) the volume of the reservoir is increasing; (2) the compressibility of the system accommodates mass addition within the same volume; (3) some mass loss occurs in the reservoir, as a result of either eruption or outgassing.
Two limits are conceivable in such a physical system, as follows.
1. If the surrounding crust hosting the reservoir is rigid, the system behaves isochorically (volume is constant).
As the melt and crystals are mostly incompressible, such a situation will lead to bulk reservoir pressurization (e.g. Fowler & Spera, 2010; Tramontano et al., 2017) . As the solubility of volatiles is strongly pressure-dependent, exsolution will be limited, and gas filter pressing will probably be inefficient. 2. If the surrounding crust behaves more viscously, it is able to accommodate the space required for the newly exsolved volatiles (volume of reservoir expands), and MVP exsolution and gas filter pressing can potentially proceed. In the most efficient scenario (isobaric conditions permitted by freely deformable wall rocks), and assuming no loss of the MVP phase, a significant amount of melt could be expelled from the mush.
The presence of melt-dominated regions (requiring prior crystal-melt separation), and/or the coupling with phase separation mechanisms (such as hindered settling or compaction) is required to allow melt extraction by gas filter pressing to occur. Melt-rich regions are capable of accumulating MVP (Parmigiani et al., 2016) , and are inherently more compressible than higher crystallinity, mushy regions. Hence, melt (and gas) injections from filter-pressed mush below are possible in such pockets, if the gas phase can increase its density.
However, in volatile-rich systems, it is likely that gas filter pressing will be significantly limited, for several reasons.
1. As magma crystallizes, it generates abundant MVP, which will tend to be more voluminous towards the top of the system. Hence, the overpressure caused by exsolution within the pore space is either relatively homogeneous (if the pressure variations within the mush are small) or results in a net downward pore pressure gradient (see Fig. 7 ). 2. If the quantity of MVP generated is large, gas channels can form in the pore space, allowing rapid outgassing of the reservoir (e.g. Parmigiani et al., 2016) . If such degassing pathways exist, then melt displacement (extraction) by further exsolution will not contribute significantly to the extraction of interstitial melt far from the channels. 3. In melt-rich pockets, local overpressurization will probably occur, reducing, or even stopping, the transfer of melt from the mush.
Melt velocities for melt extraction by 'gas-driven filter pressing' calculated by Pistone et al. (2015) are of the order of 0Á5-10 m a -1 ($1-2 orders of magnitude faster than compaction, and several times faster than hindered settling velocities). Hence, large accumulations of viscous melt could be built in centuries, if such rates are possible. However, the experiments conducted by Pistone et al. (2015) are difficult to scale up to magma reservoirs in the Earth's crust, for the following reasons.
1. Expansion of the whole experimental set-up seems to occur, corresponding to the ideal end-member of a fully compliant viscous crust. 2. Cracking occurs within the capsule (probably owing to fast temperature changes). 3. Segregation of melt is not clearly observed. 4. Inflation of the system must be slower than crystallization and gas exsolution for filter pressing to occur. However, those processes are linked, as inflation is actually largely driven by crystallization and gas exsolution. As the kinetics of crystallization and the rate of exsolution are bound to be slow in magma reservoirs, sustaining high separation velocity over decades is not probably feasible in largescale natural systems.
In summary, according to our present knowledge of the processes that contribute to phase separation, we have failed to find a process that would speed up melt extraction to produce large melt lenses (10-1000 km 3 ) of the size required for large volcanic eruptions in the order of years to decades. Extraction for such lenses must be a relatively slow process, although it is sufficiently fast to occur before complete solidification of those mushes, even in the cold upper crust. This requires that cooling must be slowed down in some ways, probably by keeping such melt-rich lenses within large long-lived mush zones with massive thermal inertia (Huber et al., 2009; Morse, 2011) .
CONCLUSIONS AND PERSPECTIVES
Viscous silicic melt can accumulate in upper crustal reservoirs in large volumes (>100-500 km 3 ), and must be able to separate from its crystalline matrix on a timescale faster than is required for cooling. There are no obvious physical mechanisms to extract silicic melt rapidly (>0Á1-0Á01 km 3 of melt per year) from their crystalline matrix. Geochronological data or geospeedometric results that suggest monthly to decadal timescales in large magmatic systems are probably not recording crystal-melt segregation, but other more transient processes, such as post-recharge crystallization shortly prior to eruption. We propose that large melt accumulations must take millennia to form, in agreement with the prolonged survivability of upper crustal magma chambers above the solidus in mature magmatic provinces (>100s kyr; see recent thermal modeling and geochronological results; Karakas et al., 2017a; Szymanowski et al., 2017) . In contrast to magma source regions in the mantle, intermediate to silicic mushes in the crust can be kept at relatively high melt fractions ($0Á2-0Á5) for significant amounts of time (potentially >100 000 years for long-lived, mature systems; Huber et al., 2009; Karakas et al., 2017b; Szymanowski et al., 2017) . Hence, repacking of the crystals (in the absence of intra-crystalline deformation) is likely to be the most efficient way of inducing this phase separation (see Fig. 8 ). Such repacking is unlikely to leave obvious traces in the plutonic record and its detection will require careful textural examination.
We argue that future research on this topic should focus on better characterizing the physical processes controlling phase separation at intermediate to high crystallinity. In particular, designing experiments in the laboratory to better assess the importance and rates of crystal repacking, controlling the rheological properties of multiphase mixtures, will be critical. In addition, conducting high-resolution imaging of mush fragments (e.g. Dobson et al., 2016) and conducting numerical simulations at the pore scale (Huber et al., 2008; Llewellin, 2010; Parmigiani et al., 2011) should prove useful in better integrating small-scale processes with the large-scale events that participate in crustal construction, volcanic eruptions, and formation of ore deposits.
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